. Th2 cells, which secrete IL-4, IL-5, and IL-10, have been shown to inhibit Th1 cell induction (12, 13) . Some reports suggest that IL-4 may be needed to establish and/or maintain Th1-mediated CMI responses against eukaryotic pathogens (14, 15) . For example, IL-4 is needed for an adequate Th1 response to Candida albicans (14) , and IL-4-deficient mice are more susceptible to Toxoplasma gondii than are their wild-type (WT) counterparts (15) . Considering these findings and the fact that protection against both C. albicans and T. gondii is mediated by a CMI response characterized by the production of IFN-␥ (16), we hypothesized that some IL-4 may be needed for optimal induction of a protective, anticryptococcal CMI response.
We decided to test our hypothesis by examining survival, Th1 and Th2 cytokine responses, and delayed-type hypersensitivity (DTH) responses in WT and IL-4 knockout (IL-4KO) mice infected with a weakly virulent or highly virulent isolate of C. neoformans. We previously reported that cryptococci of varying pathogenic potential for mice induce cytokines that differ in quality and in the kinetics of their induction (17) . DTH analyses were included in our study because the DTH reaction is known to correlate with protective immunity when combined with mononuclear infiltrates and elevated IFN-␥ levels in DTH reaction sites (18) . In addition, high IFN-␥ levels without DTH responses do not provide protective immunity to mice infected with C. neoformans (19, 20) . Results of these studies revealed that IL-4 was needed for development of strong DTH responses after primary infection with both cryptococcal isolates, and IL-4 deficiency did not increase survival of mice undergoing a primary infection with either isolate. On the other hand, Th1 cytokine responses detected 30 d after infection with the weakly virulent cryptococcal isolate were significantly increased under IL-4-deficient conditions, suggesting that the IL-4-deficient mice were beginning to respond to their infection. The poor outcomes of mice infected with the highly virulent cryptococcal isolate could not be attributed to induction of an IL-4 response during infection. IL-4 deficiency did increase DTH reactions and survival of IL-4KO mice that were primed with cryptococcal antigen before infection with the weakly virulent isolate. This was attributed to lower Th2 responses in the primed IL-4KO mice preventing downregulation of the IFN-␥ response.
Materials and Methods

Animals
Wild-type, C57BL/6J (WT) and C57BL/6J-Il4 tm1Cgn (IL-4KO) female mice were purchased from the Jackson Laboratory (Bar Harbor, ME). The animals were used in experiments when they were 14-16 wk of age. Mice were housed in the animal facility at the University of Oklahoma Health Sciences Center. The facility is approved by the American Association for the Accreditation of Laboratory Animal Care (AAALAC).
Reagents
RPMI-1640, penicillin-streptomycin, l-glutamine, sodium pyruvate, essential vitamins, and nonessential amino acids were purchased from GIBCO BRL (Grand Island, NY). Fetal bovine serum (FBS) was purchased from HyClone (Ogden, UT). Concanavalin A and HEPES were obtained from the Sigma Chemical Co (St. Louis, MO). Recombinant mouse IL-2 was purchased from Collaborative Biomedical Products (Bedford, MA). Recombinant IFN-␥ was obtained from Genzyme (Cambridge, MA). Recombinant IL-4 was generously provided by Sterling Winthrop (Malvern, PA). Recombinant IL-5 and paired monoclonal antibodies used for mouse cytokine enzyme-linked immunosorbent assays (ELISA) were purchased from PharMingen (San Diego, CA). IL-10 levels were measured using a PharMingen IL-10 OptEIA kit.
Maintenance of Entodoxin-Free Conditions
To assure that the presence of endotoxin did not influence our experimental results, all experiments were performed under conditions that would minimize endotoxin contamination. Whenever possible, sterile plasticware was used and any glassware used was heated for 3 h at 180ЊC. All reagents contained Ͻ 8 pg of endotoxin/ml (minimal detectable level) when tested using the Limulus amoebocyte lysate assay (Whittaker Bioproducts, Inc., Walkersville, MD).
Fungal Strains
Cryptococcal isolate NU-2 was originally isolated from the spinal fluid of a patient with cryptococcal meningitis at the University of Nebraska Medical Center. Isolate 184A was originally obtained from Dr. L. Friedman, Tulane University Medical School (New Orleans, LA). Both organisms are serotype A. Isolate NU-2 is highly virulent for mice while isolate 184A is classified as weakly virulent for mice. Both isolates were maintained in the laboratory by growth on Sabouraud's dextrose agar.
Preparation of Cryptococcal Antigen
A cryptococcal culture filtrate antigen (CneF) prepared from cryptococcal isolate 184A was described previously (3) . The lot used in this investigation had a protein content of 243 g/ml as determined by the bicinchoninic assay (Pierce Chemical Co., Rockford, IL) and a carbohydrate content of 3.2 mg/ml as determined by the phenol-sulfuric assay (21) . When this lot of CneF was tested with the Limulus assay, endotoxin levels were less than 0.1 ng of endotoxin/ml (lower limit of detection).
Intratracheal Infections
Cryptococci were grown on Sabouraud's dextrose agar for 72 h. The cells were harvested from the surface of the agar using sterile physiologic saline solution (SPSS) and washed three times with SPSS. The cells were counted on a hemocytometer and adjusted to a concentration of 4 ϫ 10 6 per ml. WT and IL-4KO mice were anesthetized with ketamine (50 mg/kg) and xylazine (5 mg/kg). The trachea of each mouse was exposed surgically and a 22-gauge angiocatheter was inserted into the trachea. Twenty-five microliters of cryptococcal suspension, containing 10 4 or 10 5 cryptococci, was injected into the angiocather tube using a sterile Hamilton syringe. This was followed by injection of 50 l of air to clear the cryptococci from the angiocatheter tube and deposit the fungal organisms in the lung. Sham controls were inoculated with 25 l of SPSS.
Experimental Protocol
For studies of primary infection, mice were infected intratracheally with 1 ϫ 10 5 NU-2 or 184A suspended in 25 l of SPSS or they were infected intravenously with 1 ϫ 10 5 184A. Sham-infected control mice were inoculated intratracheally with 25 l of SPSS or intravenously with SPSS. Spleen cells were removed at various times after infection and studied for their ability to secrete cytokines when cultured with CneF. Animals studied for their secondary immune response to cryptococcal antigen were primed by injection of 30 l of CneF into the hind footpad on Day 0 (3). The primed mice were challenged with 1 ϫ 10 5 184A administered intravenously 30 d later. DTH reactions were determined on the day of infection and 15 d after infection. These same animals were followed to determine their survival to challenge with 184A. In a separate experiment mice were primed and infected intravenously with 1 ϫ 10 5 184A blastoconidia 30 d later. Spleen cells from these mice were removed on the 12th day of infection and cultured with or without CneF. Supernatant fluids were assayed by ELISA to determine the levels of Th1 and Th2 cytokines secreted by the spleen cells.
Elicitation of the Anticryptococcal DTH Response
Hind footpads of mice were measured with a gauge micrometer (Mitutoyo, Aurora, IL). The right hind footpad was subsequently injected with 30 l of CneF, and the left hind footpad was injected with 30 l SPSS. Twenty-four hours later, the footpads were measured a second time. The increase in footpad thickness was calculated as the difference in swelling between the 0-and 24-h measurements. Specific DTH reactivity was calculated as the difference between the swelling of the SPSS-injected footpad and the swelling of the CneF-injected footpad.
In Vitro Stimulation of Cytokine Synthesis by Spleen Cells
Spleens were harvested from experimental mice at various times after infection with C. neoformans strains NU-2 or 184A. Single cell suspensions of the spleens were prepared by pressing the cells through a 60-mesh wire screen into sterile Hanks' balanced salt solution (HBSS) containing 3% FBS (HBSS-FBS). The cells were washed three times in HBSS-FBS and resuspended in Bretcher's medium (RPMI 1640 containing 100 U/ml penicillin, 100 g/ml streptomycin, 25 mM L-glutamine, 1 mM sodium pyruvate, 1% essential vitamins, 1% nonessential amino acids, and 10% FBS). The spleen cells were cultured at a concentration of 5 ϫ 10 6 per ml with CneF at a final concentration of 1:8. Separate samples of 5 ϫ 10 6 cells/ml were cultured without stimulation (background control) or were stimulated with concanavalin A (10 g/ml) as a positive control (data not shown). The cultures were incubated at 37ЊC in an atmosphere of 5% CO 2 . Supernatant fluids were collected at 24 h when IL-2 levels were analyzed and at 48 h when levels of all other cytokines were studied.
Quantitation of Cytokine Levels in Culture Supernatants
Enzyme-linked immunosorbent assays for the detection of IL-2, IL-4, IL-5, and IFN-␥ were constructed using commercially available paired monoclonal antibodies. IL-10 levels were measured using a PharMingen OptEIA IL-10 assay kit. Minimal levels of detection were: IL-2 ϭ 4 pg/ml, IL-4 ϭ 6.25 pg/ml, IL-5 ϭ 25 pg/ml, IL-10 ϭ 33.3 pg/ml, and IFN-␥ ϭ 128 pg/ml. 
Determination of Survival after Infection with C. neoformans
The virulence of NU-2 or 184A during primary infection in WT or IL-4KO mice was determined after infecting mice intratracheally with 1 ϫ 10 4 or 1 ϫ 10 5 NU-2 or 184A as determined by hemocytometer counts. Colony-forming units (cfu) in the inoculum were determined by dilution plate counting and are reported for individual experiments. In designated experiments, virulence of 184A in mice was determined after intravenous infection with 1 ϫ 10 5 184A. The infected animals were observed daily for deaths to determine survival times.
Statistical Analysis
Analysis of the statistical difference between two groups was evaluated with Student's t test and the F test for analysis of variance. In experiments where there was a significant difference in the variances of the groups, the t test was used with Welch's correction. Survival data were analyzed using Kaplan-Meier survival plots followed by log rank tests. Data with a P value of 0.05 or less were considered to be significant. All observations were made at least two times.
Results
DTH Reactions during Primary Infection of WT and IL-4KO Mice with Weakly Virulent and Highly Virulent Cryptococcal Isolates
Our initial investigations into the role that IL-4 might play in cryptococcal infection were designed to determine if mice that were deficient in their ability to make IL-4 could mount a CMI response after infection with a highly virulent (NU-2) or weakly virulent (184A) cryptococcal isolate. For this evaluation, WT or IL-4KO mice were infected by intratracheal instillation of 1 ϫ 10 5 C. neoformans cells. Control (uninfected) mice of both strains received the same volume of SPSS intratracheally (sham treated). Twenty days later, infected and control mice were tested for their DTH reactivity to the CneF skin test antigen. The results of a typical experiment are seen in Figure 1 . DTH responses were significantly reduced in infected IL-4KO mice whether they were infected with the highly virulent (NU-2) or weakly virulent (184A) cryptococcal isolate, suggesting that IL-4 may be needed for early development of DTH reactivity that has been associated with protective immunity in this disease.
Th1 Cytokine Responses of CneF-Stimulated Spleen Cells Harvested during Primary Infection of WT and IL-4KO Mice with Weakly Virulent and Highly Virulent Cryptococcal Isolates
Considering that DTH reactivity was decreased in the IL-4KO mice, we anticipated that there would be a change in cytokine production in IL-4KO as compared with WT mice. Mice were infected with 1 ϫ 10 5 C. neoformans NU-2 or 184A intratracheally, or were treated with SPSS by intratracheal instillation. At various times after infection, spleen cells were removed and cultured in the presence or absence of CneF antigen. The spleen cell supernatant fluids were evaluated for their levels of Th1 (IL-2 and IFN-␥) or Th2 (IL-4, IL-5, IL-10) cytokines by ELISA.
At Days 12 and 20 after 184A infection, IL-2 levels produced by CneF-stimulated spleen cells were significantly higher in the IL-4KO mice than in the WT mice ( Figure  2 ). During NU-2 infection IL-2 responses were quite low, and no significant differences in IL-2 levels were detected at any time point when the responses of antigen-stimulated spleen cells obtained from IL-4KO mice were compared with similar results obtained from spleen cell culture supernatants derived from WT mice. IL-2 levels decreased over time in the spleen cell cultures of NU-2-infected mice, and all of the NU-2-infected mice were dead before Day 30.
In 184A-infected IL-4KO mice, IFN-␥ responses increased with time over the first 30 d of infection ( Figure  2 ). Significant increases in IFN-␥ production were detected at Days 24 and 30 after infection in spleen cell cultures derived from IL-4KO mice as compared with similar cultures that were derived from WT mice. IFN-␥ responses in spleen cell cultures of WT or IL-4KO mice infected with the highly virulent isolate, NU-2, were very low at all time points, and there were no significant differences between the two groups at any time period during which evaluations were performed (Figure 2 ).
Th2 Cytokine Responses of CneF-Stimulated Spleen Cells Harvested during Primary Infection of WT and IL-4KO Mice with Weakly Virulent and Highly Virulent
Cryptococcal Isolates IL-4 was not detected in CneF-stimulated spleen cell culture supernatants prepared from infected WT or IL-4KO mice (data not shown). Analysis of IL-5 levels in supernatants from spleen cell cultures stimulated with CneF showed that IL-5 levels were lower in cultures derived from IL-4KO mice as compared with cultures derived from WT mice at all time periods tested after infection with 184A ( Figure 3) ; however, the values were only significantly different at 18 and 30 d after infection. IL-5 levels were significantly decreased in CneF-stimulated spleen cell cultures from NU-2-infected IL-4KO mice when compared with NU-2-infected WT mice on Days 12 and 24 after infection ( Figure  3) . IL-5 levels in spleen cell cultures from NU-2-infected WT mice were higher early in infection than IL-5 levels in spleen cell cultures of 184A-infected WT mice at the same time periods. However, IL-5 levels tended to decrease after Day 12 in NU-2-infected mice (Figure 3) .
IL-10 levels detected in culture supernatants of spleen cells harvested from WT and IL-4KO mice infected with cryptococcal isolates NU-2 or 184A are shown in Figure 3 . IL-4 did not appear to regulate the expression of IL-10 when mice were infected with the weakly virulent isolate, 184A, because there was no significant difference in the level of IL-10 in culture supernatants of spleen cells from the two mouse strains infected with 184A. During an NU-2 infection, there was a significant reduction in the IL-10 response of CneF-stimulated spleen cells of the IL-4KO compared with production by spleen cells of NU-2-infected WT mice on the 12th day after infection. Thereafter, IL-10 levels tended to be lower in spleen cell supernatants derived from IL-4KO mice, but these differences were not statistically significant. As with the other cytokine levels, the overall production of IL-10 during NU-2 infection decreased over the duration of the infection until the mice died.
Survival of WT and IL-4KO Mice after Primary Infection with the Highly Virulent Cryptococcal Isolate, NU-2
The ability of IL-4-deficient and WT mice to resist infection with the highly virulent cryptococcal isolate is shown in Figure 4 . Mice were infected intratracheally with 6.75 ϫ 10 5 cfu/lung) when compared with clearance from the WT animals (3.7 Ϯ 2.4 ϫ 10 4 cfu/lung). No significant differences were detected in cfu counts from WT and IL-4KO lungs infected with 184A at earlier time points after infection (data not shown). Colony-forming unit determinations from brain and liver on the 20th day of infection revealed a trend toward lower numbers of organisms in the IL-4-deficient animals, but these differences were not statistically significant. No differences in cfu in brain and liver were detected at other time points.
Survival of WT and IL-4KO Mice after Primary Intravenous Infection with the Weakly Virulent Cryptococcal Isolate, 184A
Because intravenous challenge with the weakly virulent cryptococcal isolate will cause death in animals, this challenge route was used to study survival of WT and IL-4KO mice to 184A infection. After primary infection (1.4 ϫ 10 5 cfu) with 184A by the intravenous route, IL-4KO mice were not more resistant to infection than WT mice based on survival ( Figure 5 ). The IL-4-deficient mice infected with 184A also exhibited a tendency to die faster than the WT controls, but this difference was not statistically significant ( Figure 5 ).
DTH Responses in WT and IL-4KO Mice Primed with Cryptococcal Antigen before Infection with the Weakly Virulent Cryptococcal Isolate, 184A
Because IL-4KO mice develop higher Th1 cytokine responses after being stimulated by C. neoformans infection than did WT mice and the IL-4KO mice cleared 184A from their lungs better than WT mice, we decided to examine the effects of priming mice with cryptococcal antigen before infection with 184A. WT and IL-4KO mice were primed by injection of 30 l of cryptococcal CneF antigen into the hind footpad. Thirty days later the mice were challenged with 1 ϫ 10 5 184A intravenously. DTH responses were measured on Day 15 of infection. When analyzed for their secondary immune response, infected IL-4KO mice responded to cryptococcal antigen with significantly (P Ͻ 0.045) greater DTH reactivity than did WT mice treated in the same manner ( Figure 6 ).
Survival of WT and IL-4KO Mice Primed with
Cryptococcal Antigen before Infection with the Weakly Virulent Cryptococcal Isolate, 184A IL-4KO and WT mice were primed with CneF antigen by injection of 30 l of antigen into the footpad. Thirty days later primed mice and normal control mice were challenged intravenously with 1 ϫ 10 5 cfu 184A and were observed daily for deaths. When the mice were primed with cryptococcal antigen before infection, IL-4KO mice resisted intravenous infection with 184A much better than did WT IL-4-sufficient mice (Figure 7) . This difference was highly statistically significant (P ϭ 0.0029).
Cytokine Responses of CneF-Stimulated Spleen Cells of WT and IL-4KO Mice Primed with Cryptococcal Antigen before Infection with the Weakly Virulent Cryptococcal Isolate, 184A
To examine the mechanism responsible for the enhanced resistance of primed IL-4KO mice to intravenous challenge with 184A, mice were primed with cryptococcal antigen and 30 d later were infected intravenously with 184A. Spleen cells were removed on the 14th day after infection. Spleen cells were cultured with or without cryptococcal CneF antigen and cytokines secreted into culture supernatants were measured by ELISA. Compared with CneF-stimulated spleen cell cultures from infected WT mice, antigen-stimulated spleen cells of IL-4KO mice secreted significantly more IFN-␥ and less IL-5 ( Table 1 ). The levels of IL-10 secreted by the infected, IL-4 KO spleen cells were also lower than the infected WT spleen cells, but these differences were not statistically significant. Antigen-stimulated spleen cells from primed and infected IL-4KO mice also tended to produce less IL-10 than spleen cells from primed and infected WT mice, but the data were not statistically different. In this instance the overall levels of Th1 cytokines secreted by the primed, infected IL-4KO mice were not different than infected IL-4KO mice that were not primed. However, the level of IL-5 secreted by primed, infected WT mice was significantly higher (P ϭ 0.0145) than that measured in infected WT mice that were not primed. This trend was also seen in the IL-10 response, but the increase was not statistically significant. The overall increase in Th2 cytokines in the primed, infected WT mice contributed to decreasing amounts of IFN-␥ in the primed mice. In IL-4KO mice, more moderate increases in IL-5 and IL-10 did not influence the expression of IFN-␥.
Discussion
The need for Th1-type immunity for protection against infection with Cryptococcus neformans has been firmly established (1), and a detrimental role for Th2-type immunity has also been reported (22) . However, the results of this investigation showed that IL-4 was needed for efficient initiation (early development) of CMI during primary infection with C. neoformans. C57Bl/6 mice typically display positive DTH responses (7-10 ϫ 10 Ϫ3 inches footpad swelling) to cryptococcal antigen at 20 d after infection, but IL-4KO mice on the C57Bl/6 background do not have what would be regarded as a positive DTH response (2.5-5 ϫ 10 Ϫ3 inches footpad swelling) at that time in the infection. Our finding is consistent with previous observations in IL-4KO mice that described the need for some IL-4 to be present for development of a contact hypersensitivity response to the hapten, trinitrophenyl (23) . In the latter case, it was suggested that IL-4 derived from mast cells may stimulate further IL-4 secretion by ␥␦T cells, and that this IL-4 may be necessary to activate endothelial cells thereby allowing the influx of leukocytes into a DTH reaction site. It has also been reported that small amounts of IL-4 are needed for passive transfer of the contact hypersensitivity response to naïve mice by T cell lines (24) . Two reports suggest that IL-4 can have an effect on induction of Th1 responses by its ability to promote bioactive IL-12 from dendritic cells (25) and its synergistic effects with IL-18 that increase IFN-␥ production by dendritic cells (26) . A role for IL-4 in protection during primary infection has been reported previously for other infections requiring Th1 immunity for protection (14, 15) . Detection of high IFN-␥ levels at the same time that DTH responses were low during primary infection suggests that the IL-4 deficiency during primary infection could alter trafficking of cells to DTH reaction sites or to infected tissues, and therefore that DTH reactivity is independent of the amount of IFN-␥ made by sensitized T lymphocytes present in the peripheral lymphoid tissues.
The effects of IL-4 on survival after a pulmonary infection with C. neoformans were studied using the highly virulent isolate NU-2 because the weakly virulent isolate kills very few mice when given by this route. For a primary, pulmonary infection with NU-2, the lack of IL-4 tended to reduce the survival times but the reduction was significant in only one out of three experiments. Certainly, there was no evidence in these experiments that IL-4 contributed to the poor outcome that is associated with NU-2 infection, as IL-4KO mice did not survive longer than WT mice. These results are in contrast to those reported by Decken and coworkers (27) , who found that IL-4-deficient mice infected intravenously with a serotype D cryptococcal isolate survived longer than did infected WT mice. The difference between our results and those of Decken and coworkers may be attributed to differences in route of infection, mouse strain used ([C57Bl/6 X129/Sv/Ev]F2), and serotype of the C. neoformans cryptococcal isolate (serotype D). We have no indication of the relative virulence of the isolate used by Decken and colleagues (27) as compared with our NU-2 isolate, which is more virulent than any other cryptococcal isolate that we have studied (Blackstock and Murphy, unpublished observations), including isolate H99, which is considered to be highly virulent by other investigators (28) . On the other hand, our results agree with those of Beenhouwer and associates (29) , who reported that IL-4 deficiency did not improve survival of mice infected intravenously with C. neoformans. Different outcomes occur in mice infected with the weakly virulent isolate, 184A, depending upon the route of infection. Approximately 60% of mice survive infection when 184A is given by the pulmonary route (30) , whereas 100% of mice die after intravenous infection. For this reason cfu analysis of mice infected by the pulmonary route was used to detect enhanced resistance. This was evidenced by a reduction of cfu in the lungs of IL-4-deficient mice as compared with WT mice. Enhanced resistance in IL-4KO mice was not detected in survival studies after infection by the intravenous route. The failure to improve survival after intravenous infection of IL-4KO mice may be attributed to development of a lower DTH response during primary infection of IL-4KO mice which allowed the organism to have a survival advantage.
Treatment of infected mice with anti-IL-4 enhanced virulence in another model of cryptococcosis (22) . In these studies the antibody treatment depleted 26% of the total IL-4 that was detected in the broncoalveolar lavage of infected mice. The fact that IL-4 could be detected in these studies shows that IL-4 production was not completely neutralized in the mice, and the amount of IL-4 detected may have been sufficient to contribute to the development of CMI but insufficient to promote a strong Th2 response. The mouse strain used in the experiments (BALB/c ϫ DBA/2) is one that should genetically favor the development of Th2 responses and antibody production. This difference in infected host used in this study, compared with our model, points to the importance of the genetic characteristics of the host that will influence the type of immunity that is induced during primary cryptococcal infection.
Effects on survival during primary pulmonary infection with the weakly virulent cryptococcal isolate, 184A, could only be studied by examination of cfu isolated from the lungs of IL-4KO and WT mice. In this study we found a significant decrease in the number of cryptococci that were present in the lungs of IL-4KO mice as compared with WT mice on the 20th day after infection but not at time points before Day 20 (data not shown). Even though DTH reactivity was decreased in these mice, there was evidence that enhanced protection was beginning to develop in the knockout mice infected with 184A as reflected in increased cytokine responses by antigen-stimulated spleen cells and decreased cfu in infected lungs under IL-4-deficient conditions. In the cytokine analysis, IL-2 and IFN-␥ levels were increased in the IL-4KO mice, whereas IL-5 levels were downregulated and IL-10 levels were not changed from levels in WT mice.
During NU-2 infection, Th1 cytokine production by IL-4 KO spleen cells was not significantly different from NU-2-infected WT spleen cells. High IL-5 levels occurred in NU-2-infected WT mice primarily at the 12th day after infection; thereafter, the IL-5 levels were downregulated. These findings point to essential differences in regulation of protective immunity in mice infected with the weakly virulent and highly virulent cryptococcal isolates. Although IL-4 deficiency promotes the development of the protective Th1 response in mice infected with the weakly virulent cryptococcal isolate, it has no effect on the Th1 response in mice infected with the highly virulent NU-2. Previous publications have shown that the highly virulent isolate secretes much more capsular polysaccharide into the serum of infected animals than does the weakly virulent 184A (17) . This capsular material is known to downregulate CMI by several different IL-4-independent mechanisms (1, 2, 31) .
Splenic cytokine responses to CneF in NU-2-infected C57Bl/6 background mice were routinely lost or very low by the 24th day of infection whether the mice were able to synthesize IL-4 or not. This latter finding is in keeping with our previous report that showed NU-2-infected CBA/J mice become completely unresponsive after the 18th to 20th day of infection, whereas mice infected with 184A continue to exhibit increased Th1 cytokine responses and increased DTH reactions in response to their infection over the first 30 d of infection (17) . The finding that NU-2-infected IL-4KO mice also enter an unresponsive phase shows that the unresponsiveness that develops during an NU-2 infection cannot be attributed to the emergence of a strong Th2 response. Consequently, other mechanisms, such as induction of anergy and/or other downregulatory immune responses known to occur in cryptococcosis (31) must be considered as the cause of the unresponsiveness during a NU-2 infection.
The regulatory effects of IL-4 were readily seen in our investigation of immunity to cryptococcal antigen following priming with soluble cryptococcal antigen. After a priming with a small dose of soluble cryptococcal antigen, C. neoformans-infected IL-4KO mice had significantly increased DTH responses and enhanced survival after an intravenous challenge with 184A. These results suggest that compensatory mechanism(s) were available for development and/or expression of the secondary DTH reactions in the primed IL-4KO mice. This mechanism could have been supplied by other cytokines that were available in high levels in the primed mice. Analysis of cytokine production by antigenstimulated spleen cells of primed and 184A-infected mice revealed that the priming event caused IL-4KO mice to produce more IFN-␥ and less Th2 cytokines, especially IL-5, than did WT mice. Thus it appears that the presence of IL-4 during priming significantly changed the protential of splenic cells to produce Th1 and Th2 cytokines when restimulated with CneF. This profile of significantly reduced IFN-␥ and increased IL-5 would be expected to effectively reduce protection in WT mice and lower DTH responses to CneF, and that was precisely what we observed in WT mice infected intravenously with the weakly virulent 184A cryptococcal isolate. On the other hand, moderate increases in IL-5 and IL-10 levels in the IL-4KO mice were not sufficient to influence the development of the IFN-␥ response and thus the mice did develop a protective DTH response and resisted challenge with 184A.
We have consistently been unable to detect IL-4 in supernatant fluids derived from spleens of infected mice following stimulation in vitro with CneF antigen. This was true in this investigation where C57BL/6J mice were used (data not shown) and in our previous studies on CBA/J mice (17) . The inability to detect IL-4 in lymph nodes of C57Bl/6 mice and C.B-17 mice was also reported by Hoag and coworkers (32) . However, a number of investigators have reported detection of IL-4 in lung homogenates, broncoalveolar lavage fluids, or antigen-stimulated lung cells that were derived from C. neoformans-infected mice (33, 34) . The primary difference in these studies is the site where IL-4 was detected. Uniformly, IL-4 was found in the lung and not in antigenstimulated lymphocyte cultures derived from peripheral lymphoid tissues of mice that were infected with C. neoformans. This was true whether the draining lymph nodes (32) or spleen cells (17) were studied. These findings suggest that IL-4-producing cells are present in very small numbers in the secondary lymphoid tissues of C. neoformansinfected mice and that they may be concentrated via their migration to the infected lung. An alternative explanation suggests that IL-4 levels in the lung are due wholly, or in part, to other cell types that are known to secrete IL-4. Candidates for this effect would include mast cells, NKT cells, and/or ␥␦T cells (35) . All of these cell types are known to contribute to the development of CMI in various experimental models (24) . However, among these cells, mast cells are most able to secrete the highest concentrations of IL-4. In our studies, we elected to study the systemic response to cryptococcal infection because cryptococcosis is a systemic disease. The immune cells that migrate into the lungs originate in the peripheral lymphoid tissues, and therefore it is reasonable to use the systemic response as an indicator of the ability of animals to resist infection.
In summary, this investigation revealed that the effects of IL-4 in cryptococcal disease depends upon the virulence of the cryptococcal isolate used for infection and whether the mice have been primed before infection. Decreased DTH reactions (Th1 immunity) during primary infection with either cryptococcal isolate occurred in the absence of IL-4. On the other hand, exacerbation of infection after priming with cryptococcal antigen was detected in IL-4-sufficient mice infected with a weakly virulent cryptococcal isolate. The role that IL-4 plays during priming suggests that caution in the development of vaccines for C. neoformans is needed to avoid priming the Th2 response that could result in negative consequences to immunized patients who subsequently develop cryptococcosis. Our data suggest that effective cryptococcal vaccines should prime the Th1 response and eliminate Th2 priming.
